Granulocyte colony-stimulating factor (G-CSF) is essential for the host response to bacterial infection by controlling neutrophil production in the bone marrow. The G-CSF receptor (G-CSFR) activates the Jak/STAT pathway, although little is understood about how these signals regulate basal and stress-induced granulopoiesis. We examined STAT3 function in granulocytes using a bone marrow conditional knockout mouse model. Our results show that STAT3 has a crucial role in emergency granulopoiesis and mature neutrophil function. STAT3-deficient mice have an aberrant response to G-CSF in vivo, characterized by failure to accumulate immature granulocytes and an increased ratio of mature to immature neutrophils in the bone marrow, peripheral blood, and spleen. Acute neutrophil mobilization is impaired in STAT3-deficient mice as judged by their failure to upregulate circulating neutrophils following short-term G-CSF exposure. STAT3 also controls neutrophil chemotactic responses to natural ligands for CXCR2 and regulates the magnitude of chemoattractant-induced actin polymerization. These functions of STAT3 are independent of its principal target gene Socs3, which encodes a crucial feedback inhibitor of cytokine signaling. Our results demonstrate the existence of distinct STAT3 target pathways in neutrophils required for granulopoiesis and innate immunity. 
Introduction
The essential role of neutrophils in antibacterial immunity is shown by the severity of congenital, acquired, and therapy-induced neutropenias, which cause extreme susceptibility to life-threatening infections. The hematopoietic cytokine G-CSF and its receptor (G-CSFR) regulate neutrophil production. [1] [2] [3] In steady-state hematopoiesis, G-CSF controls viability of the reserve bone marrow neutrophil pool. [2] [3] [4] Circulating G-CSF levels rise dramatically during infection, stimulating acute neutrophil mobilization from the bone marrow and expansion of the immature granulocyte population to increase neutrophil reserves. 5 G-CSF functions have been widely exploited in the clinic to treat neutropenia, particularly in cancer patients following ablative chemotherapy. G-CSF is also used as a potent hematopoietic progenitor mobilization agent for bone marrow transplantation.
Mice lacking the G-CSFR form granulocytes at lower amounts in the bone marrow, and neutrophils from these animals are defective in certain mature cell functions. 2, 6 Gene-targeting studies with a chimeric G-CSFR showed that the erythropoietin receptor (EpoR) cytoplasmic domain failed to substitute functionally for the G-CSFR intracellular region, 7 indicating that G-CSFR selectively activates pathways necessary for terminal granulopoiesis and does not merely provide generic cytokine signals. The molecular pathways downstream of the G-CSFR that are important for controlling neutrophil maturation are largely unknown.
G-CSF stimulates 3 members of the STAT family (STATs 1, 3, and 5), which serve as major cytokine-response proteins that directly regulate gene expression. 8 Evidence linking either STAT1 or STAT5 to G-CSF function is limited. Deletion of STAT5a and STAT5b suppressed myeloid repopulating activity and granulocytic progenitor levels in bone marrow, suggesting a potential role in the neutrophil lineage, although further work is warranted because the mouse model employed in these studies expresses a truncated STAT5 protein in certain tissues. [9] [10] [11] [12] STAT1 does not appear to play a major role in granulocytes. 13, 14 By contrast, STAT3 has important negative regulatory activity in basal granulopoiesis. Mice lacking STAT3 expression in bone marrow progenitors display marked peripheral neutrophilia under resting conditions. [15] [16] [17] The role of STAT3 in regulating steady-state neutrophil production is linked to its control of SOCS3, a crucial feedback inhibitor of G-CSF signaling. 15, 18 Bone marrow-specific deletion of SOCS3 causes neutrophilia in aging mice under basal conditions. SOCS3 deficiency also renders an exaggerated emergency granulopoiesis response to G-CSF characterized by elevated neutrophilia and inflammatory neutrophil tissue infiltration. 18 The negative regulatory role of STAT3 in basal granulopoieis was consistent with its control of SOCS3 expression; however, this did not entirely reconcile with studies of G-CSFR signaling function in mice or the requirement for STAT3 in G-CSFdependent differentiation of granulocytic cell lines. [19] [20] [21] [22] [23] Moreover, the function of STAT3 in the emergency granulopoiesis response is unknown. Experiments described in this paper for the first time reveal the positive effects of STAT3 in the granulocytic lineage.
Mice lacking STAT3 in bone marrow (STAT3-deficient) have an altered response to pharmacologic levels of G-CSF, treatments that mimic emergency granulopoiesis, and therapeutic use of G-CSF. The impairments include a failure to elicit acute neutrophil mobilization from the bone marrow, suppressed accumulation of the immature granulocytic subpopulation, and a skewed longterm mobilization response. Furthermore, STAT3-deficient neutrophils are dramatically impaired in CXCR2-dependent chemotactic activity and demonstrate deregulated actin polymerization responses. These functions of STAT3 are independent of SOCS3, indicating that separate STAT3 pathways are essential for the actions of G-CSF in vivo.
Materials and methods
Bone marrow STAT3-deficient mice; myeloid SOCS3-deficient mice; G-CSF administration in vivo STAT3-deficient mice were generated by breeding TIE2cre mice with floxed STAT3 mice. 24, 25 Genomic DNA isolated from tails of 3-week-old mice was used for genotyping by polymerase chain reaction (PCR) with primers described previously to detect wild-type, floxed, and deleted STAT3 alleles 26 or the TIE2cre transgene. 24 Deletion of STAT3 was maximized by generating animals carrying 1 floxed STAT3 allele and 1 deleted STAT3 allele (TIE2creSTAT3 ⌬/flox ; termed herein as STAT3-deficient or KO), which is possible due to TIE2cre expression in the female germ line. 24 Control animals contained 2 intact STAT3 alleles (eg, STAT3 WT/WT , STAT3 floxed/floxed , or STAT3 WT/floxed genotypes) and lacked the TIE2cre transgene. In some cases, STAT3 WT/WT mice containing the TIE2cre transgene were evaluated; these experiments ruled out contribution of transgene expression to the observed phenotypes (data not shown). Bone marrow samples from each animal were tested for STAT3 protein expression to confirm efficient deletion. Experiments were performed on mice 3 to 8 weeks of age. Mice were housed in a specific pathogen-free (SPF) facility and used in compliance with the Institutional Animal Care and Use Committee (IACUC) guidelines at the University of Texas M. D. Anderson Cancer Center (UT MDACC).
Myeloid SOCS3-deficient mice were generated by breeding LysMcre mice with floxed SOCS3 mice. 26, 27 Genomic DNA isolated from tails of 3-week-old mice was used for genotyping by PCR as described previously. 26, 27 SOCS3 deletion was verified in G-CSF-stimulated bone marrow granulocytes by quantitative real-time PCR. Total RNA was reverse transcribed as described. 28 SOCS3 expression was measured using the following primers (RL86: 5Ј-CGGAGATTTCGCTTCGGGAC-3Ј; RL87: 5Ј-AACTTGCTGTGGGTGACCATGG-3Ј) and a FAM-labeled probe (5Ј-AGCTCCCCGGGATGCGGT-3Ј). Expression of ␤-actin was determined with primers and real-time PCR probes as described. 29 Complementary DNA samples were analyzed in duplicate, and SOCS3 expression was normalized to ␤-actin as described previously. 29 Mice were housed in an SPF facility and used in compliance with the IACUC guidelines at St Jude Children's Research Hospital.
Recombinant human G-CSF (Amgen, Thousand Oaks, CA) was diluted in sterile PBS containing 1% low-endotoxin BSA (Sigma, St Louis, MO). G-CSF was administered by subcutaneous injection using 250 g/kg for a single dose, 125 g/kg delivered every 12 hours for 5 days, or once daily at 250 g/kg for 5 days, as indicated. Control mice received an equivalent volume of 1% BSA in PBS in parallel treatments.
Peripheral blood, bone marrow, and spleen isolation; blood counts; estimation of total hematopoietic neutrophil levels; G-CSF stimulation; and immunoblot analysis Peripheral blood was collected in ethylenediaminetetraacetic acid (EDTA)-coated tubes following retro-orbital puncture (Becton Dickinson, Franklin Lakes, NJ). Complete blood counts were determined with a CELL-DYN 3700 automated hematology analyzer (Abbott Laboratories, Abbott Park, IL) through the UT MDACC Department of Veterinary Medicine. For additional analyses, blood samples were mixed with an equivalent volume of 2% dextran sulfate (Sigma) in PBS and incubated 20 minutes at room temperature to allow red blood cells to settle. The leukocyte-containing supernatant was removed and remaining red blood cells lysed by the addition of 5 mL buffer containing150 mM NH 4 Cl, 1 mM KHCO 3 , and 0.1 mM Na 2 EDTA. Cells were washed and resuspended in PBS containing 2% FCS (PBS/FCS) for further use. Bone marrow cells were harvested in DME containing 10% FCS and 1% antibiotic-antimycotic (Gibco, Grand Island, NY) (DME/FCS). Spleens were harvested and homogenized in DME/FCS. Bone marrow and spleen cell suspensions were subjected to red blood lysis washed in DME/FCS, and used as indicated.
To calculate the total number of neutrophils present in the entire bone marrow and peripheral blood of an individual mouse, we used previously determined values of 0.075 mL/g for whole blood volume and a femur equivalent to 6% of the total bone marrow. [30] [31] [32] Absolute levels of Gr-1 ϩ /CD11b ϩ cells were determined for total bone marrow, total peripheral blood, or spleen. Total hematopoietic neutrophil levels for each mouse were calculated by determining the sum of blood, bone marrow, and splenic neutrophils.
To test STAT3 expression and activation, bone marrow cells were stimulated with G-CSF (100 ng/mL) for 30 minutes at 37°C or left untreated. Whole cell lysates were subjected to immunoblot analysis with antibodies specific for tyrosine-phosphorylated STAT3 (Cell Signaling Technology, Danvers, MA), total STAT3 (Santa Cruz Biotechnology, Santa Cruz, CA), or STAT5 (Santa Cruz Biotechnology) as described previously. 33 Antibody staining and flow cytometry; fluorescence-activated cell sorting (FACS); cytospins For CXCR2 staining, cells were resuspended in 0.5% BSA (low endotoxin) in PBS and labeled with fluorescein isothiocyanate (FITC)-conjugated anti-Gr-1 (BD Pharmingen, San Jose, CA) and phycoerythrin (PE)-conjugated anti-CXCR2 (R&D Systems, Minneapolis, MN) or the appropriate isotype control antibodies and analyzed by flow cytometry using a Beckman Coulter (Miami, FL) Epics XL-MCL machine. For Gr-1/CD11b staining, cells were resuspended in PBS/2% FCS and incubated with FITC-conjugated anti-Gr-1 and PE-conjugated anti-CD11b (PharMingen) or isotype control antibodies. Samples from STAT3-deficient and control mice were analyzed on a BD FACSAria machine; samples from SOCS3-deficient and control mice were analyzed on a FACSCalibur machine. The bone marrow Gr-1 lo /CD11b ϩ and Gr-1 hi /CD11b ϩ populations were collected by fluorescence-activated cell sorting (FACS) (BD FACSAria) in DME/10% FCS. Cytospins were performed with 10 5 cells using electrostatic slides (Fisher Scientific, Hampton, NH) with a Cytospin 3 (Shandon, Waltham, MA). Cells were stained with the Hema3 staining kit according to the manufacturer's instructions (Fisher Diagnostics, Middletown, VA).
Isolation of bone marrow neutrophils; ex vivo neutrophil differentiation
Bone marrow neutrophils were isolated by positive selection using an AutoMacs column after labeling with FITC-conjugated anti-Gr-1 (PharMingen) and anti-FITC magnetic beads (Miltenyi Biotec, Auburn, CA). The purity of the neutrophil population was confirmed by flow cytometry and cytospin analyses, routinely demonstrating more than 90% Gr-1 ϩ / Mac-1 ϩ cells with band/segmented morphology (data not shown).
To test cell autonomous functions, neutrophils were derived ex vivo from lineage-negative (lin Ϫ ) bone marrow progenitor cells. Lin Ϫ cells were isolated by negative selection after staining with anti-Ly-1, anti-TER119, anti-B220, anti-Gr-1, anti-Mac-1, and anti-7-4 (StemCell Technologies, Vancouver, BC, Canada) and magnetic bead separation (AutoMacs). Lin Ϫ cells were then cultured in DME/FCS containing 100 ng/mL G-CSF and 10 ng/mL SCF (R&D Systems) for 12 days in a humidified CO 2 incubator. Morphologic and flow cytometric analyses were performed at day 12, confirming the presence of band/segmented neutrophils and more than 85% Gr-1 ϩ /Mac-1 ϩ cells in the cultures (data not shown).
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Chemotaxis and actin polymerization assays
Neutrophils were resuspended in 1 ϫ Hanks balanced salt solution containing calcium and magnesium (Gibco) and 0.1% BSA and plated in 3-m Transwells (Fisher Scientific; 1 ϫ 10 6 cells per Transwell) in the absence or presence of the indicated chemokine in the lower chamber (250 ng/mL MIP-2, R&D Systems; 1 g/mL KC, Peprotech, Rocky Hill, NJ; 0.1 mM fMLP, Sigma). Transwells were incubated for 3 hours at 37°C in a humidified CO 2 incubator; the number of cells that migrated through the Transwell was determined by enumeration. Cell viability was more than 90% as judged by trypan blue exclusion. To measure F-actin content, bone marrow cells were labeled with PE-conjugated anti-Gr-1 (eBioscience, San Diego, CA) as described in "Antibody staining and flow cytometry." Cells were treated with MIP-2 (250 ng/mL) for 15, 30, 60, 120, 300, or 600 seconds or left untreated and then simultaneously fixed and stained with FITC-conjugated phalloidin (Molecular Probes, Eugene, OR) as described previously. 34 The mean fluorescence intensity (MnI) of the phalloidin-FITC signal was determined for the Gr-1-PE-positive population by flow cytometry. The relative F-actin content (%F-actin) of each sample was determined by normalizing the sample MnI to the value for the untreated control animal.
Statistical analysis
Data are presented as mean values Ϯ standard error mean (SEM); P values were calculated using an unpaired 2-tailed Student t test.
Results

Conditional deletion of STAT3 in the hematopoietic system
Bone marrow STAT3 deletion was accomplished by breeding TIE2cre mice with floxed STAT3 mice that contain loxP sites flanking the critical tyrosine (Y705) required for STAT3 activation. 24, 25 Genotypes were identified by PCR and confirmed by STAT3 immunoblot of bone marrow whole cell lysates. As predicted, cre-mediated deletion of STAT3 was highly efficient and, consistent with this, no phosphorylated STAT3 was detected following G-CSF stimulation. Moreover, full-length STAT3 protein was not detectable ( Figure 1A -B). A very low level of a truncated form of STAT3 was observed, although this was not G-CSF responsive ( Figure 1B ). To ensure uniformity and rigorous examination of STAT3 function, individual bone marrow samples were examined by STAT3 immunoblotting, and only mice demonstrating efficient STAT3 deletion, as judged by the lack of STAT3 protein, were used for the studies described herein.
STAT3-deficient mice showed elevated white blood cell counts, with increased levels of circulating neutrophils, monocytes, basophils, and eosinophils. Absolute red blood cell counts were normal, although STAT3-deficient mice have reduced hematocrit and hemoglobin levels (Table 1; Figure 1C ). The peripheral neutrophilia observed in STAT3-deficient mice is consistent with a negative role for STAT3 in basal granulopoiesis. [15] [16] [17] 
STAT3 controls G-CSF-dependent expansion of the immature granulocytic population in vivo
A principal function of G-CSF is to stimulate the growth of neutrophil precursors during emergency granulopoiesis. 5 To examine the role of STAT3 in this response, mice were given a single dose of G-CSF, treated twice daily for 5 days, or were injected with BSA-containing buffer alone. Bone marrow samples were evaluated for immature and mature granulocytes by Gr-1/CD11b staining and flow cytometry. In wild-type mice, Gr-1 expression increases during granulocytic maturation, and Gr-1 lo /CD11b ϩ and Gr-1 hi /CD11b ϩ subsets define immature and mature neutrophil populations, respectively. 35 Wild-type mice that received BSA alone have a proportion of immature and mature bone marrow granulocytes similar to that of untreated mice, with an approximate 1:2 ratio of Gr-1 lo /CD11b ϩ to Gr-1 hi /CD11b ϩ cells (Figure 2A -B and data not shown), demonstrating that BSA administration does not affect the granulocytic population. STAT3 deletion does not alter this distribution under basal conditions (eg, in untreated or BSA-treated animals) ( Figure 2A -B and data not shown), in agreement with previous reports that found STAT3 was dispensable for maintaining granulocytic progenitor levels under steady-state conditions. 15, 17 Strikingly, however, STAT3-deficient mice exhibited a dramatically altered bone marrow response to G-CSF. By 24 hours following a single dose of G-CSF, wild-type mice demonstrated a 2-fold induction in the immature granulocytic compartment (eg, Gr-1 lo /CD11b ϩ cells) and a concomitant drop in mature neutrophils in the bone marrow (Figure 2A ). By contrast, STAT3-deficient mice failed to induce the immature granulocytic population and did not down-regulate mature Gr-1 hi / CD11b ϩ bone marrow neutrophil levels ( Figure 2A ).
Long-term exposure to G-CSF also rendered a skewed response in the bone marrow of STAT3-deficient mice. Wild-type animals had a substantial induction (4-to 5-fold) in the frequency and absolute numbers of immature bone marrow granulocytes following 5 days of G-CSF treatment. In comparison, STAT3-deficient mice showed a less than 2-fold increase in the immature bone marrow Gr-1 lo /CD11b ϩ compartment relative to basal levels (Figure 2A-B) . Importantly, the low number of immature granulocytes For personal use only. on January 2, 2018. by guest www.bloodjournal.org From in G-CSF-treated STAT3-deficient mice was not due to increased cell death within this population, as judged by propidium iodide uptake (data not shown). Moreover, the frequency and absolute numbers of mature neutrophils were increased in the bone marrow of STAT3-deficient animals following G-CSF treatment, while wild-type mice had a reduced proportion and similar absolute levels of mature Gr-1 hi /CD11b ϩ cells relative to BSA-treated or untreated controls (Figure 2A-B and data not shown) . Mice of both genotypes showed elevated bone marrow neutrophil counts following sustained exposure to G-CSF, yet the total marrow cell count was reduced in STAT3-deficient mice (Figures 2B-C) .
To verify that the Gr-1 marker protein is regulated similarly in wild-type and STAT3-deficient mice, Gr-1 lo /CD11b ϩ and Gr-1 hi / CD11b ϩ subsets were isolated by FACS and subjected to cytospin analysis. More than 90% of Gr-1 hi /CD11b ϩ cells from wild-type or STAT3-deficient bone marrow showed band/segmented morphology, demonstrating that this population consists primarily of mature neutrophils in both genotypes ( Figure 2D) . Importantly, Gr-1 lo /CD11b ϩ cells sorted from wild-type and STAT3-deficient mice exhibited an immature morphology, as indicated by an increased nuclear-cytoplasmic ratio and a lack of band/segmented cells ( Figure 2D ). These results are consistent with previous analyses of Gr-1 lo /CD11b ϩ cells from wild-type mice, which showed that this population was composed mainly of myelocytes and immature progenitors. 35 To examine whether the immature subset showed similar developmental potential in wild-type and STAT3-deficient backgrounds, Gr-1 lo /CD11b ϩ cells were sorted by FACS and cultured ex vivo in medium containing G-CSF for 3 days. These assays revealed that Gr-1 lo /CD11b ϩ cells gave rise to cells with mature band/segmented neutrophil morphology, demonstrating comparable maturation of immature granulocytes from both genotypes ( Figure 2E ). Moreover, forward and side scatter analysis of bone marrow Gr-1 ϩ /CD11b ϩ cells from wild-type and STAT3-deficient mice demonstrated comparable granularity and size, with Gr-1 hi /CD11b ϩ cells exhibiting increased granularity relative to the Gr-1 lo /CD11b ϩ subset ( Figure 2F ). Thus, low and high Gr-1 cell-surface expression levels define immature and mature granulocytes, respectively, in both wild-type and STAT3-deficient mice. Collectively, therefore, our results show that STAT3-deficient mice have an altered bone marrow response to G-CSF, characterized by a failure to accumulate immature granulocytic cells, lower total bone marrow cellularity, and a slight increase in mature neutrophils relative to wild-type animals.
Role for STAT3 in the peripheral neutrophil response to G-CSF
To examine the effect of STAT3 deficiency on peripheral neutrophil responses to G-CSF, we treated mice with G-CSF twice daily for 5 days and examined circulating and splenic neutrophil populations. Wild-type mice showed a robust induction of peripheral blood neutrophils, as evidenced by an increase in the percentage of circulating Gr-1 ϩ /CD11b ϩ cells as well as absolute neutrophil counts ( Figure 3A-B) . STAT3-deficient mice also showed significant induction of peripheral blood neutrophil levels following sustained exposure to G-CSF; however, there was a dramatic difference in the proportion of mature to immature granulocytes that accumulated relative to wild-type mice ( Figures 3A-B) . Wild-type mice had a substantial increase in circulating immature granulocytes (eg, Gr-1 lo /CD11b ϩ cells) as anticipated 4, 35 ( Figures  3A-B) , consistent with the accumulation of this population in the bone marrow (Figure 2A-B) . The frequency of mature peripheral blood neutrophils (eg, Gr-1 hi /CD11b ϩ cells) was relatively unchanged in wild-type mice exposed to G-CSF, although absolute numbers increased (Figures 3A-B) . By contrast, STAT3-deficient animals showed a poor induction of immature granulocytes in peripheral blood ( Figures 3A-B) , in agreement with the relative paucity of this subset in their bone marrow compartment (Figures  2A-B) . Mature Gr-1 hi /CD11b ϩ cells, however, accumulated in the peripheral blood of STAT3-deficient mice following sustained The Gr-1 lo /CD11b ϩ and Gr-1 hi /CD11b ϩ populations were isolated from wild-type and STAT3-deficient bone marrow samples by FACS and used for cytospin preparations. Original magnification of the cytospins was ϫ 400. Photos were taken using a Nikon Microphot-FX microscope (Nikon, Garden City, NJ) using a PlanApo 40ϫ/0.95 numerical aperture objective and equipped with a 3-chip charged coupled device (CCD) color video camera (model DXC990; Sony, Tokyo, Japan). Digital images were captured using Optimas Image Analysis software (Media Cybernetics, Silver Spring, MD). Data are representative of 2 independent experiments. (E) Bone marrow Gr-1 lo /CD11b ϩ cells from wild-type and STAT3-deficient mice were isolated by FACS and grown in G-CSF for 3 days ex vivo. Cytospin preparations of the differentiated cells are shown; original magnification was ϫ 400, and images were captured as described for panel D. Data are representative of 2 independent experiments. (F) Forward scatter (FSC) and side scatter (SSC) analysis of Gr-1 lo /CD11b ϩ (black) and Gr-1 hi /CD11b ϩ (purple) populations from bone marrow of WT and KO mice is shown. Data are representative of 5 independent experiments.
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For personal use only. on January 2, 2018. by guest www.bloodjournal.org From exposure to G-CSF (Figures 3A-B) . Splenic neutrophil populations showed a similar trend, with wild-type mice exhibiting an elevated ratio of immature to mature neutrophils, while STAT3-deficient mice showed an increased ratio of mature to immature neutrophils following sustained exposure to G-CSF ( Figure 3C ). No significant differences were found in total spleen cellularity between wild-type and STAT3-deficient mice under basal conditions, and both genotypes showed a similar increase in spleen cell content following G-CSF treatment ( Figure 3D ).
Taken together, our data show that STAT3 is required for induction of immature neutrophils in the bone marrow and the peripheral hematopoietic compartments in response to G-CSF. STAT3 also controls the level of mature neutrophils that accumulate in marrow, blood, and spleen following G-CSF treatment ( Figures 3A-C) . To ascertain whether these changes in immature and mature neutrophil numbers affected the total level of neutrophils in STAT3-deficient mice, the sum of absolute neutrophil numbers in whole bone marrow, blood, and spleen was determined for G-CSF-and BSA-treated mice. These data show that the total hematopoietic neutrophil content was increased upon G-CSF treatment but did not differ significantly between wild-type and STAT3-deficient mice in basal conditions or following G-CSF ( Figure 3E ).
SOCS3 is not required for induction of immature granulocytes in response to G-CSF
STAT3 function in the neutrophil lineage has been largely attributed to its control of SOCS3, a critical negative regulator of G-CSF. 15, 18 To examine whether SOCS3 was necessary for the STAT3-dependent functions that we found in emergency granulopoiesis, mice with myeloid-specific SOCS3 deletion were treated with G-CSF for 5 days, and bone marrow and peripheral blood Gr-1 subsets were analyzed by flow cytometry. Wild-type and myeloid SOCS3-deficient mice showed a robust accumulation of immature Gr-1 lo /CD11b ϩ cells in the bone marrow and peripheral blood, with no apparent differences between the genotypes (Figure 4) . Therefore, SOCS3 is dispensable for G-CSF-dependent induction of immature granulocytes, indicating the existence of separate STAT3-responsive pathways in the neutrophil lineage.
Role for STAT3 in neutrophil mobilization by G-CSF
The bone marrow contains a reserve pool of mature neutrophils that can be rapidly mobilized by G-CSF during infection and stress conditions of emergency granulopoiesis. 36, 37 This process requires neutrophil migration from sites of attachment on the bone marrow stroma, across sinusoidal endothelial cells, and into the peripheral circulation. G-CSF treatment of STAT3-deficient mice failed to down-regulate mature neutrophil levels in bone marrow by 24 hours, in contrast to its effect in wild-type animals (Figure 2A) , suggesting that the acute neutrophil mobilization response to G-CSF may require STAT3. To test the role of STAT3, G-CSF was administered to wild-type and STAT3-deficient mice by subcutaneous injection, and circulating neutrophil levels were examined 24 hours after treatment. This enabled us to monitor the acute mobilization response while minimizing the contribution of G-CSF-induced nascent granulocyte production to circulating neutrophil levels. 4, 32 As expected, wild-type mice showed a rapid induction of peripheral neutrophil levels in response to G-CSF, with a 2-to 3-fold increase in their frequency and absolute numbers in the blood ( Figure 5A-B) . STAT3-deficient mice were refractory to this treatment, as evidenced by their failure to up-regulate circulating neutrophil levels by 24 hours (Figures 5A-B) . Thus, the acute neutrophil mobilization response elicited by G-CSF depends on expression of STAT3 in the bone marrow.
STAT3-deficient neutrophils show impaired chemotaxis toward CXCR2 ligands
G-CSFR regulates specific functional responses of mature neutrophils, including neutrophil chemotaxis and adhesion capabilities. 6 We had previously observed a connection between STAT3 activation and enhanced function of myeloid adhesion molecules in 32D cells, suggesting that STAT3 may control pathways central to cell migration. 33 We examined neutrophil chemotaxis in Transwell assays as a method to test the migratory capabilities of STAT3-deficient cells. Strikingly, we found that neutrophils isolated from the bone marrow of STAT3-deficient mice demonstrated a severely impaired response to the potent neutrophil chemoattractant MIP-2 relative to their wild-type counterparts ( Figure 6A ).
To evaluate a potential cell autonomous role for STAT3, neutrophils were derived from lin Ϫ hematopoietic progenitor cells (HPCs) in an ex vivo culture system that depends exclusively on G-CSF. Wild-type neutrophils derived ex vivo showed MIP-2-dependent migration, indicating that G-CSF-driven differentiation faithfully replicates the developmental pathway necessary to acquire chemotactic function. By contrast, STAT3-deficient neutrophils derived ex vivo showed a severe block in MIP-2-dependent chemotaxis ( Figure 6B ). Both freshly isolated bone marrow neutrophils and ex vivo-derived neutrophils remained viable at the end of the chemotaxis assay, as judged by trypan blue staining, ruling out the possibility that changes in cell survival affect chemotactic function. Collectively, the data show that STAT3 serves a cell-autonomous role in neutrophil chemotaxis toward MIP-2. This function of STAT3 is independent of its control of SOCS3 expression because neutrophils from myeloid SOCS3-deficient mice demonstrate normal chemotactic activity in response to MIP-2 (data not shown).
To examine the specificity of the chemotactic defect, we tested the response of neutrophils to the chemoattractants KC and fMLP.
Like MIP-2, KC signals via the CXCR2 chemokine receptor while fMLP functions through a distinct 7-transmembrane receptor. [38] [39] [40] [41] STAT3-deficient neutrophils are severely impaired in KCdependent chemotaxis, confirming defective migration in response to signals elicited by the CXCR2 receptor ( Figure 6C ). Interestingly, STAT3-deficient bone marrow neutrophils migrate toward fMLP with an activity similar to wild-type controls ( Figure 6D ). These results show that STAT3 has a selective function in the CXCR2 response and indicate that the high degree of specificity in neutrophil chemoattractant signaling pathways is regulated in part by STAT3.
Wild-type and STAT3-deficient neutrophils demonstrated similar levels of cell-surface CXCR2 receptor and CXCR2 mRNA ( Figure 6E and data not shown), indicating that expression of the MIP-2/KC receptor is independent of STAT3. To evaluate CXCR2 signaling, we tested MIP-2-dependent actin reorganization because this response is essential for directed cellular migration. 42 F-actin content was measured in neutrophils by staining MIP-2-stimulated and untreated bone marrow cells with Gr-1 antibody and phalloidin-FITC. These assays revealed that wild-type and STAT3-deficient neutrophils responded to MIP-2 by a rapid burst of actin polymerization, followed by depolymerization to basal levels ( Figure 6F ). The kinetics of actin polymerization and depolymerization were similar between wild-type and STAT3-deficient neutrophils, indicating that the global signaling response to MIP-2 is intact in the STAT3-deficient cells. Interestingly, however, STAT3-deficient neutrophils showed an elevated level of polymerized actin at the peak of stimulation (30 seconds) ( Figure 6F ), which suggests a hyperactivated polymerization signal. These findings indicate that STAT3 controls the magnitude of actin polymerization in response to CXCR2 signaling, which may result in changes in cell rigidity or downstream functions required for chemotaxis.
Discussion
We find that STAT3 has a fundamental role in the emergency granulopoiesis response and in the function of neutrophils produced in steady-state hematopoiesis. STAT3 is necessary for acute neutrophil mobilization by G-CSF, accumulation of immature granulocytes, and maintenance of normal ratios of immature to mature neutrophils in bone marrow, peripheral blood, and spleen during G-CSF-driven emergency granulopoiesis. Moreover, STAT3 is essential for neutrophil chemotaxis toward natural CXCR2 ligands and control of the magnitude of chemoattractant-induced Relative Gr-1 ϩ /CD11b ϩ levels for wild-type (WT, Ⅺ) and STAT3-deficient (KO, f) mice are shown (n ϭ 6 for WT, n ϭ 5 for KO) (P ϭ .003 comparing WT with KO). (B) Blood samples were subjected to automated counting to determine total neutrophil numbers in untreated mice or mice that received G-CSF (250 g/kg) 24 hours prior to analysis. Neutrophil amounts in G-CSF-treated samples were normalized to amounts in untreated controls of the appropriate genotype to determine the relative induction by G-CSF. Relative neutrophil levels for WT (Ⅺ) and KO (f) are shown (n ϭ 6 for WT, n ϭ 5 for KO) (P ϭ .002 comparing WT with KO). Error bars represent SEM in both panels.
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Accumulation of mature neutrophils in STAT3-deficient mice is attributed to a negative regulatory loop initiated by STAT3, which stimulates expression of SOCS3, a crucial feedback inhibitor of G-CSF. 15, 18 We found that SOCS3 was dispensable, however, for the induction of immature granulocytes in response to G-CSF and for CXCR2-mediated neutrophil chemotaxis. These data collectively argue that STAT3 activates SOCS3-independent target pathways in neutrophils. Indeed, bone marrow conditional STAT3 and SOCS3 knockout mice have important differences in phenotype, including their ability to tolerate high doses of G-CSF administered over several days (this study, Lee et al, 15 Kamezaki et al, 17 and Croker et al 18 ). Moreover, SOCS3 deficiency does not affect neutrophil function, while deletion of STAT3 impairs chemotaxis and respiratory burst activities. 16, 18 The identification of STAT3 target pathways that are independent of SOCS3 is of considerable interest for understanding the molecular mechanisms of G-CSF and STAT3 in granulocytes.
Expansion of the immature granulocytic population is an important component of the emergency granulopoiesis response, providing precursors to support a sustained increase in the circulating neutrophil pool. This response is exploited clinically with the use of G-CSF to treat neutropenia, particularly in cancer patients undergoing chemotherapy. STAT3-deficient mice showed a marked impairment in G-CSF-stimulated accumulation of immature granulocytes in bone marrow, indicating that STAT3 controls their response to G-CSF. Mature neutrophils were increased in STAT3-deficient mice during G-CSF treatment, resulting in an atypical G-CSF response characterized by an elevated ratio of mature to immature neutrophils. This skewed ratio was also found in peripheral blood and spleen, thus indicating that immature granulocytes are underrepresented in STAT3-deficient mice, rather than selectively sequestered in a peripheral hematopoietic compartment.
The reduced number of immature granulocytes and elevated level of mature neutrophils in STAT3-deficient mice following G-CSF treatment raised the question of whether total neutrophil output was affected by STAT3 deletion. Estimation of absolute neutrophil numbers in total bone marrow, peripheral blood, and spleen suggests that STAT3 has little impact on overall neutrophil production during steady-state or emergency granulopoiesis (Figure 3E ). Rather, a major function for STAT3 is to regulate the ratio of immature to mature neutrophils generated in response to G-CSF. The negative function ascribed to STAT3 is likely the principal cause of increased mature neutrophil levels, by enhancing their survival and/or proliferation of an immediate precursor. 15, 18 This negative function, however, may be offset by a requirement for STAT3 to maintain the level or growth responsiveness of a granulocytic progenitor compartment, thus leading to impaired accumulation of immature granulocytes during G-CSF-driven granulopoiesis. STAT3 controls numerous genes that regulate cell growth in other tissues 43 ; these pathways may stimulate granulocytic progenitors to proliferate during an emergency response to G-CSF. Alternatively, STAT3-deficient granulocytes may bypass the immature Gr-1 lo compartment or mature at a faster rate through this developmental stage during a G-CSF response. Nonetheless, the altered response of STAT3-deficient granulocytes suggests that they may fail to progress through essential checkpoints during development, which could contribute to defects in mobilization and chemotaxis.
Signals through the G-CSFR are essential for steady-state and acute neutrophil release from the bone marrow. 32 Acute neutrophil mobilization was attenuated in STAT3-deficient mice, as evidenced by their failure to down-regulate the mature neutrophil compartment in the bone marrow and induce peripheral neutrophil levels 24 hours after G-CSF administration. Under steady-state conditions or following prolonged exposure to G-CSF, however, peripheral neutrophil accumulation was observed in STAT3-deficient mice. Thus, while bone marrow expression of STAT3 is essential for G-CSF-stimulated acute neutrophil mobilization, it is not necessary for all neutrophil mobilization functions. Recent studies have shown that basal neutrophil release from the bone marrow is For personal use only. on January 2, 2018. by guest www.bloodjournal.org From controlled by adhesion mechanisms that are distinct from acute mobilization responses, 44 raising the possibility that STAT3 has a specific role in the acute release pathway.
STAT proteins have been linked with cellular adhesion and migration functions previously. 22, 33, [45] [46] [47] The impaired chemotaxis of STAT3-deficient neutrophils was accompanied by an enhanced actin polymerization response to MIP-2, indicating that STAT3 operates in pathways that mediate CXCR2 signaling to the cytoskeleton. Interestingly, STAT3 is necessary for CXCR2-dependent migration but not chemotaxis toward fMLP. This indicates a previously unrecognized potential: CXCR2 and the fMLP receptor may have distinct signaling requirements despite their similarity as G protein-coupled receptors, with a selective requirement for STAT3 in CXCR2 responses.
In summary, our work provides direct evidence for a positive role for STAT3 in regulating essential aspects of G-CSF-driven emergency granulopoiesis and neutrophil function. This adds to the previously described negative function for STAT3 in controlling mature neutrophil levels. Future studies to elucidate STAT3 target genes in neutrophils and their progenitors are necessary to define the mechanisms that underlie the regulatory activities of STAT3 and establish how these pathways participate in granulopoiesis, which may aid in developing approaches to manage this essential blood cell lineage.
